To improve the vehicle performance such as ride comfort and road handling, the active suspension system should be used. However, the current active suspension system has a high energy consumption therefore reducing the fuel economy. In this paper the vibration excited by road unevenness is treated as a source of mechanical energy. It is being converted into electrical energy to compensate for the energy consumption by the active suspension. To achieve this task, an electromagnetic active suspension system has been introduced. The power generated from this device has been used as input power of the pump of the hydraulic actuators. Adaptive neuro-fuzzy controllers have been designed to generate a signal to control the valves of the hydraulic actuators.
INTRODUCTION
The main objective of vehicle suspension systems is to isolate the vehicle body from road irregularities in order to maximize passenger riding comfort and also to secure continuous road wheel contact, ensuring the vehicle's handling quality. There are three types of suspension system: the first type is a passive suspension system which consists of conventional spring and cylindrical damper or shock absorber. This type has fixed parameters, i.e. stiffness coefficient of the spring and damping coefficient of the damper. The second type is a semi-active suspension which has a mechanical device called an "active damper" which is used in parallel with a conventional spring. The semi-active control device changes the damping of the suspension according to certain criteria. The third type is an active suspension which includes hydraulic actuators that can apply external forces to the vehicle. The actuator is secured in parallel with a spring and shock absorber. When a vehicle is driving on a bumpy road, plus driver's acceleration and deceleration operations, there will be a shock between the sprung mass and the unsprung mass. This part of the mechanical power is normally converted into heat power by a damper and is dissipated in a natural way. If the wasted energy can be reclaimed in a proper way, the overall energy consumption demand for the vehicle can be reduced. In recent years, research has been carried out to reduce the fuel consumption and harmful emission to protect the environment. In this direction, it has been considered that the energy used to be wasted as heat energy dissipated by the dampers can be recovered by a suitable energy regenerative device. In fact, there are several types of energy regenerative suspension designs already under investigation, such as hydraulic storage suspension [1] , battery coil induction suspension [2] , rack and pinion suspension [3] , ball screw suspension [4] and linear motion suspension [5] . In recent years, researchers worldwide have made attempts on the vehicle vibration control and energy regeneration, including theoretical and experimental progresses [6] [7] [8] [9] . Developments achieved in power electronics, permanent magnet materials, and microelectronic systems enable the possibility of actual implementation of electromagnetic actuators in order to improve the performance of vehicle suspension systems [10] . In Reference [11] , the authors investigated the idea of the energy regeneration of active suspension systems in petrol-electric hybrid vehicles. A hybrid energy storage system, which consists of electrochemical batteries and super-capacitors, is proposed for this application in this reference. A new hydraulic electromagnetic energy regenerative suspension design is proposed, and a comparison is made with the other two energy regenerative suspension designs based on their structural and working principles, and made an evaluation using the fuzzy comprehensive judgement [12] . A retrofit regenerative shock absorber is designed, characterized and tested to recover the vibration energy within a compact space in an efficient way [13] . More recently, a new energy regenerative suspension prototype has been designed and developed by Xue-chun et al. at Shanghai Jiao Tong University [14] . This prototype consists of two main parts: ball screw mechanism and brushless DC motor. The ball screw part converts the vertical vibration motion into rotational motion to rotate the DC motor rotor. Depending on the direction of the current (flow through the motor's coils) with respect to dynamic tyre velocity, the DC motor may operate as an electromotor as well as a generator, i.e. when the DC motor operates as electromotor, the energy will be consumed from the battery to suppress the vehicle vibration, so that the performance of the electromagnetic suspension behaves as an active suspension system. On the other hand, when it operates as a generator, the energy will be stored in the battery and the electromagnetic suspension behaves as a passive suspension system. In this paper, hydraulic actuators have been added to the electromagnetic suspension to produce suspension performance like an active suspension system. A neuro-fuzzy controller has been designed to generate suitable control signals. The control signals will be applied as a control input signals to govern the hydraulic actuators to generate suitable damping forces for improving the vehicle performance. In this case, the DC motor will operate as a generator only and the reclaimed vibration energy will be converted to electrical energy to operate the electrical pump in the hydraulic actuator system.
MATHEMATICAL MODEL OF THE HYDRAULIC ACTUATORS
Hydraulic actuators are important equipment and widely used because of their high power capability, fast and smooth response characteristics and good positioning capability [15] . The hydraulic actuators are commonly used in various industries and engineering, such as materials test machines, vehicle active suspension systems, mining machinery, flight simulators, paper making machines, ships and electromagnetic marine engineering, injection molding machines, robotics, and steel and aluminum mill equipment. In order to understand the performance of the improved suspension system and to develop a robust controller for this system, to develop an accurate dynamic model for a hydraulic servosystem is the first step. Therefore, a description of the dynamics for the fluid subsystem, the servo-valve, the cylinder and the load are required. The electro-hydraulic system here is a cylinder controlled by the input voltage signal to the servo-valve. The cylinder is attached to sprung mass of the vehicle and connected in parallel with a passive system unit, i.e. spring and electromagnetic suspension. The hydraulic actuators are used to generate the forces between the vehicle's body and the axle to enhance and improve the riding and handling qualities in a modern vehicle. Figure 1 shows the physical model of a hydraulic actuator with a nonlinear spring and an electromagnetic actuator of a quarter vehicle model. The hydraulic actuator consists of a hydraulic cylinder, a piston, servo-valves, an electrical pump and a reservoir. P s and P r are the pressures of the hydraulic fluid supplied from and returned to the reservoir, respectively. x v is the spool valve displacement. When there is a difference between fluid pressure in the upper cylinder chamber and fluid pressure in the lower chamber, the piston in the hydraulic cylinder extends or compresses and a suitable damping force is generated for the suspension to improve the vehicle's dynamic performance. The dynamic equation of the hydraulic actuator is given as [16] .
where
is the relative displacement between the suspension point and wheel, P Li is the hydraulic pressure inside actuator, e β is the effective bulk modulus of the hydraulic system, t V is the total volume of fluid under compression, tp C is the leakage coefficient of piston and A p is the cross-section area of the piston. Hydraulic flow through the piston inside the ith actuator i Q is governed by the following equation
where d C is the discharge coefficient, ω the area gradient, v x the spool valve displacement, ρ the fluid density. The spool valve displacement is controlled by an input voltage u m . The corresponding dynamic relationship can be simplified as a first-order differential equation 
MATHEMATICAL MODEL OF THE ELECTROMAGNETIC ACTUATOR
The electromagnetic actuator converts the vibration energy into electrical energy through the rotation of the DC motor and stores it in the battery. The electrical energy can contribute to run the electrical pump of the hydraulic actuator. The DC motor can operate in electromotor mode or generator mode. The power of the motor (P e ) can be represented as
where Φ is the flux linkage, P H the lead of the ball-screw, v the relative velocity (‫ݖ‬ሶ − ‫ݓ‬ሶ ) and I the electric current flow through the motor's coils. If the power demand is positive, the motor operates in electromotor mode and the current flows from the battery into the positive terminal of the motor and the battery energy is supplied and consumed. On the other hand, if the power is negative, the motor operates inversely and the current flows to the positive electrode of the battery and the motor charges the battery as a generator with reclaimed energy from vibration of the vehicle. The torque of the DC motor (T e ) can be written as ܶ = ‫ܥ‬ ‫ܫ‬ (5) where the equivalent torque constant C T can be expressed as ‫ܥ‬ = 2Φ (6) There are two types of forces which can be generated by using an electromagnetic actuator : (i) the damping force (F m ) coming from mechanism friction and inertia, which is given by ‫ܨ‬ = ‫ܥ‬ (‫ݖ‬ሶ − ‫ݓ‬ሶ ) ; (ii) the vertical force given by ‫ܨ‬ = ‫ܨ‬ ௧ cos ߮ , where ߮ is the thread lift angle and F t the tangential force given by ‫ܨ‬ ௧ = ் = ூ , where r is the effective radius for force conversion. The total force generated by the electromagnetic mechanism can be written as ‫ܨ‬ = ‫ܨ‬ + ‫ܨ‬ (7) and ‫ܨ‬ = ‫ܥ‬ (‫ݖ‬ሶ − ‫ݓ‬ሶ ) + ‫ܥ‬ ‫ܫ‬ (8) in which ‫ܥ‬ = ଶ௦ఝ .
MATHEMATICAL MODEL OF THE CONTROLLED SYSTEM
A framework is being suggested in which an active suspension controller generates suitable command signals as the inputs of the hydraulic actuators to improve the vehicle performance including riding comfort and road-handling stability. The riding comfort can be measured by evaluating the displacement and acceleration of the sprung mass. The handling stability can be obtained by minimising the vertical and the rotational motions of the vehicle body, including rolling and pitching motions during sharp manoeuvres of cornering and braking.
A full vehicle physical model with active suspension is proposed by the authors and shown in Fig. 2 . This model consists of five parts: the vehicle body mass (M) and four unsprung masses m i (where
). The vehicle body mass is assumed to be a rigid body and has degrees of freedom in vertical, pitch and roll directions. The vertical displacements at each suspension point are denoted by z 1 , z 2 , z 3 and z 4 . The z c , α and η denote the displacement, pitch angle and roll angle at the centre of gravity of the vehicle, respectively. J x and J y are the moments of inertia about x-axis and y-axis, respectively. The cornering torque and breaking torque are denoted by T x and T y , respectively. In the model, the disturbances u 1 , u 2 , u 3 and u 4 are caused by road roughness. The vertical displacements of unsprung masses are denoted by w 1 , w 2 , w 3 and w 4 . The suspension components possess nonlinear property. Therefore, each suspension will be assumed as a nonlinear device with nonlinear spring and nonlinear hydraulic actuator placed in parallel with the electromagnetic actuator. The main purpose of using the suspension control is to generate an actuating force between the vehicle body mass and unsprung masses. 
II. Pitching motion
Using Newton's Law for the pitching motion
where b is the distance between the front wheels.
III. Rolling motion
Using Newton's Law again for the rolling motion
where l 1 is the distance between the centre of the front wheel axle and centre of gravity of the vehicle. l 2 is the distance between the centre of gravity of the vehicle and the centre of rare wheel axle. The motion of the i th unsprung mass is governed by the following equation
DESIGN OF NEURO-FUZZY CONTROLLER
A neuro-fuzzy model has been introduced to combine the features of a neural network and fuzzy logic models. A large class of neuro-fuzzy approaches utilizes the neural network learning algorithms to determine parameters of the fuzzy logic component. The combined neuro-fuzzy system is proving more efficient and more powerful than either the single neural network or the fuzzy logic system, which has been widely used in control systems, pattern recognition, medicine, expert system, etc. Fig. 3 depicts the controlled vehicle system with a neuro-fuzzy controller as a key component. The structure of the NF controller in this figure is described in Reference [18] . To find the optimal values of the NF parameters, such as premise and consequent parameters, for driving the plant to meet all control objectives, FOPID subcontroller should be designed (see details for the full design of FOPID controller described in Reference [19] ). The input and output data which will be obtained from the FOPID controller design are made use of in training the NF controller. 
SIMULATION AND RESULTS
The damping coefficient and damped natural frequency for the full vehicle depend on the vehicle structural parameters M, K, and C. Table 1 shows the vehicle suspension parameters. The input road profile is selected as a white noise random signal. To design the NF controller, the optimal parameters of the FOPID controller should be obtained first, using the EA. In the author's work, the input and output data obtained from the FOPID controller have been used to design the NF controller. The Hybrid Learning Algorithm has been used to modify the NF parameters (i.e. the premise and consequent parameters) to track the input and output data obtained from the FOPID controller. Four NF controllers have been designed, one for each suspension. To improve the performance of the NF controller, the scaling gains should be adjusted. The 4-D GSS method has been used to adjust the scaling gains (GE, GED, GEI and GU). As a result, the optimized values of scaling gains are 26, 22, 10 and 1.5, respectively. All vehicle body variables, including vertical displacement at the centre of gravity z c , vertical displacement at point3 z 3 , pitch angle: α and roll angleη, depend on the vertical displacements at points P 1 , P 2 and P 4 (z 1 , z 2 and z 4, respectively). The suspension deflection (z i -w i ) and body acceleration (‫ݖ‬ሷ ) are used to evaluate the road handling and riding comfort of the passengers, respectively. By supplying the control signal, it is expected that just the vertical displacements of sprung mass (z i ) and body acceleration (‫ݖ‬ሷ ) will be targeted to reduce while the vertical displacements of unsprung masses (w i ) are not concerned. Therefore, when z i decreases, the road-handling performance will be improved while body acceleration decreases, the riding comfort is improved. In this paper, just the responses of the vertical displacements at P 1 , P 2 and P 4 and the body acceleration have been shown for comparison. In Figures 5,6 and 7 the responses of vertical displacements at P 1 , P 2 and P 4 are compared, respectively for the full vehicle nonlinear active suspension system without controller (passive system) and with NeuroFuzzy controller. Figure 8 shows Distance between the centre of gravity of vehicle body and front axle.
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Distance between the centre of gravity of vehicle body and rear axle. The power generated from DC motors of each electromagnetic active suspension device is shown in Figures 9, 10 , 11 and 12. These figures have shown that the DC motors operate as a generator only (when the power generated is negative). The energy will contribute to drive the pumps of the hydraulic actuators to generate damping forces as part of the effort of improving the vehicle performance. 
CONCLUSION
An optimized neuro-fuzzy controller has been designed as the key part of a proposed full vehicle model with nonlinear active suspension systems. To reduce the energy consumption resulting for driving the actuators in active suspension, the electromagnetic device has been introduced, which is capable of converting most of the vehicle's vibration energy into electrical energy through the rotation of the device, and store them in the battery. By applying the electromagnetic devices to two example cases, optimistic results have been found: the overall power consumption of the active suspension system has been reduced and the previous heat energy dissipated to the viscous fluid of the damper has been converted to useful electrical energy to run the electrical pump in the hydraulic actuator device. When the electromagnetic device does not act as an electromotor but a generator, the power generated and stored in the battery will be used to run the pump of the hydraulic actuators to generate appropriate damping forces to improve the riding comfort and road handling. The results show that the electromagnetic device does act as a power generator. i.e., all the vibration energy excited by the rough road surface has been converted to useful electrical energy. As a result, two targets have been met by using hydraulic actuators with electromagnetic suspension systems: increasing fuel economy and improving the vehicle performance.
